The demand for high quality islets for transplantation in Type I diabetics will increase as the current clinical trials transition into standard of care. The mode of preservation of donor pancreata is critical to this mission since islets are very sensitive to ischemic injury. Hypothermic perfusion preservation (HPP) is being investigated for extended pancreas preservation in light of the beneficial effects reported for other organs. The present pilot study aimed to establish the potency of porcine islets isolated from pancreata after 24h of HPP at 4-8°C. The study design included a split-lobe pancreas model that permitted paired comparisons of islets isolated from 24h HPP splenic lobes with non-perfused, fresh control duodenal/connecting lobes stored at 4°C for <3h. Prior to transplantation, islet viability was assessed in vitro using the ratio of oxygen consumption rate to DNA (OCR/DNA) assay and correlated with subsequent in vivo function by transplantation in diabetic immunodeficient mice. The OCR/DNA (mean ±SD) measured after 7 days culture and immediately prior to transplantation for islets from the 24h HPP group was 269± 19 nmol/min/mg DNA, which was higher but not statistically different to the mean of 236 ± 43 for the counterpart control group. All four nude mice transplanted with islets from the 24h HPP group showed diabetes reversal, compared with 5 of 6 transplants from the control group. In conclusion, islets isolated from adult porcine pancreata after 24h HPP exhibited high viability as measured by OCR/DNA and were able to consistently reverse diabetes in a nude mouse bioassay.
Introduction
The field of islet transplantation for the treatment of Type I diabetes is currently in the phase of clinical trials at several centers around the world (1, 23) . The growing recognition that islet transplantation is becoming a viable proposition for clinical therapy has led to an increasing demand for high quality islets for both research and clinical procedures. Moreover, the potential for xenotransplantation to relieve the demand on an inadequate supply of human pancreases will also depend upon the efficiency of techniques for isolation of islets from alternative sources, of which the pig is highly favored for a number of compelling reasons (16) . Islets are highly vulnerable to irreversible damage after prolonged ischemia, in part because they do not possess the enzymatic machinery necessary (lactate dehydrogenase A; LDHa) for ATP generation under anaerobic conditions (2, (4) (5) (6) (7) 17, 24) and cold ischemia of the cadaveric pancreas is detrimental to islet yield (3, 9, 11, 13, 14, 21) . In vitro studies have shown a significant reduction in insulin release in response to a glucose challenge even after short periods of conventional static cold storage in University of Wisconsin (UW) solution (9) . These observations have been seen in clinical practice as there have been no reports of successful single-donor islet transplants with prolonged cold storage beyond 10 hours, which is still regarded as the safe limit of cold ischemia (11) . Furthermore, Ryan et al have provided evidence of the detrimental impact of cold ischemia on post-transplant islet function (22) .
In light of the recent resurgence of clinical interest in hypothermic perfusion preservation (HPP) of organs, notably for marginal and expanded criteria organs (26) we have recently applied the state-of-the-art technology to pancreas perfusion as a prelude to islet isolation (25, 27) . It was recently reported that, by comparison with conventional static cold storage, hypothermic machine perfusion preservation allows safe storage of juvenile pig pancreases for 24h with excellent in vitro structure and function of islets isolated from the perfused pancreata. The 4 present study reports the outcome of a pilot study to validate these in vitro findings using expanded quality assessment including oxygen consumption rate (OCR) analysis (18) (19) (20) and in vivo transplantation in immunodeficient "nude" mice.
Methods

Experimental Design
This study was designed to validate, in an adult pig model, the recent findings of Taylor et al (25, 27) concerning the functional integrity of islets prepared from the pancreata of juvenile pigs after 24h HPP. To this end, the study assessed the outcome of 10 nude mouse transplants using islets derived from 3 adult pig pancreas perfusions compared with 3 paired fresh islet isolations. This was achieved using our previously established split-lobe porcine pancreas model as described below (8) . Statistical significance was analysed by Student's paired t-test using GraphPad Software v5.01 with 95% confidence limits.
Procurement
Pancreata were procured from adult (1-2 years old) Landrace pigs using a deceased after cardiac death (DCD) donor model involving total viscerectomy followed by en bloc pancreatectomy. All animal care and handling complied with policies and approval of the Institutional Animal Care and Use Committee (IACUC) of the University of Minnesota. Following procurement, the pancreas was divided into two segments for use in paired isolation outcomes.
The first segment consisted of the connecting and duodenal lobes (8) , which were processed for islet isolation with the least cold ischemia time (CIT) possible (< 3 hours). The second segment consisted of the splenic lobe procured with the entire vascular network which was then prepared for HPP according to the technique of Taylor and Baicu (25, 27) . The splenic lobe was selected for perfusion, as this lobe in contrast to the connecting and duodenal lobes has the vasculature available for perfusion. In our experience with porcine islet isolation, the yields and quality of Islet Isolation, Purification and Culture Islets were isolated from both segments of each pancreas using identical conventional techniques involving collagenase digestion in a modified Ricordi chamber (BioRep Technologies, Miami, FL) as previously described (12, 27) . In brief, the pancreas segment was chopped into pieces and digested at 35-37°C using Liberase MTF [mammalian tissue free] enzyme (Roche, Indianapolis, IN) at a concentration of 150-167µg/ml. Islets were purified after isolation using established standard continuous Ficoll gradient separation with a COBE 2991 (Gambro BCT, Lakewood, CO). After purification, islets were cultured between 4 and 12 hours and then assessed using OCR and DNA quantitation (18) (19) (20) . Subsequently, islets were cultured in ME199 media at 37°C, for 7-8 days. After the culture period, islets were again assessed using OCR and DNA quantitation as well as gross morphology using dithizone staining. Aliquots were taken for mouse transplants at this time. Islet OCR/DNA Islet viability was assessed by measuring the OCR/DNA of the purified islets using a sealed chamber fiber optic oxygen sensing system (Instech Labs, Newton, MA) as described elsewhere (18) (19) (20) . For this analysis, 5,000 islet equivalents (IE) were allocated immediately after purification and again after 7 days of culture. Islets were suspended in a nonsupplemented, nutrient rich ME199 and sealed in stainless steel chambers. The oxygen partial pressure inside the chamber was recorded and the consumption rate was calculated based on the rate of oxygen depletion from the chamber. The DNA quantity in each chamber was determined using the Quant-iT Picogreen dsDNA kit (Molecular Probes, Eugene, OR).
Islet morphology
Islet samples stained with dithizone for counting were also scored for morphology on a 10-point scale. The total score was calculated by summing 5 categories, each evaluated on a 2-point scale: 1) shape (3D), with more points awarded to more spherical islets; 2) border (2D), with more points awarded to well rounded islets; 3) integrity, with more points awarded to more solid/compact islets; 4) presence of single cells, with more points awarded to preparations with less single cells; 5) diameter, with more points awarded for larger diameter islets.
Nude Mouse Bio-Assay Diabetes was induced in nude mice using a 240mg/kg dose of streptozotocin injected intravenously, following recommendations of the Clinical Islet Transplant (CIT) consortium regarding procedures for the mouse bioassay in testing human islet cell preparations (150-240mg/kg) (http://www.isletstudy.org/CITDocs/3104,%20A04%20In%20Vivo%20Islets%20Function.pdf).
The mice were confirmed diabetic after blood glucose levels were maintained above 500 mg/dL for 2 days. Islets were then transplanted beneath the kidney capsule and distributed along the surface of one side of the kidney. Diabetes is considered to be reversed when blood glucose measurements were less than 200mg/dL on two or more consecutive days. After about 4 weeks the grafts were explanted by nephrectomy to ensure that blood glucose levels in animals that had diabetes reversal returned to diabetic levels. Two mice were transplanted with 2000IE after seven days in culture for each pancreas lobe with the exception of the last splenic lobe due to a sub-critical mass of islets surviving at 7 days to justify transplantation. A total of 10 mice were transplanted, 4 with islets from 24h HPP lobes and 6 with islets from controls.
Results and Discussion
Despite the constraints of islet isolation expense and handling large adult pigs (450-500lbs), the split lobe model applied in this pilot validation study provided the opportunity to undertake a controlled comparison of islet function from pancreatic lobes exposed to either 24h HPP, or minimal cold ischemia (<3h). Moreover, the internal control provided by the split lobe model permitted validation of our prior findings using a small number of adult pigs. In contrast to the previously published study using juvenile pigs, which compared 24h HPP and 24h static cold storage with freshly isolated islets (25, 27) , this validation study was designed to use the merits of the split-lobe model for paired comparison of 24h HPP with a control minimal cold ischemia group. Based upon the previous study in juvenile pigs, the working hypothesis tested here is that the function of islets prepared from 24h HPP adult pig pancreata is not compromised compared with control islets obtained from a counterpart pancreatic lobe exposed to minimal cold ischemia.
Islet yields (<1000IEQ/g) were typically lower than our experience previously for the adult pig model. This is attributed, in part, to the decision to switch to the new Liberase MTF enzyme preparation, to conform to current clinical practice and the phasing out of the Liberase PI yields from the control and the 24h HPP were not statistically significantly different (see Table 1 ; p = 0.4) in the small population of tests in this pilot study. Furthermore, as shown in Table 1 , the purity and yields of islets were more than adequate to satisfy the principal objective of this pilot validation study by allowing measurement of viability based on OCR/DNA and in vivo islet function based on transplantation outcome in mice and a paired comparison of these parameters between experimental perfused lobes and non-perfused controls.
With respect to viability assessed by the OCR/DNA assay, Table 1 shows that the OCR/DNA value of islets at day 7 was comparable between the groups and that the pre-transplantation OCR/DNA values all exceeded the acceptable threshold of 175 nm/min/mg DNA currently used as a release criterion for transplantation of porcine islets in non-human primates (10) (Papas et al unpublished observations). Fig 1 further shows the averaged OCR/DNA data for the two groups immediately after isolation and after 7 days of culture. In both cases, there was no statistically significant difference between the 24h HPP islets and the controls. Moreover, Fig 1 shows that the freshly isolated islets from both groups demonstrated mean OCR/DNA ratios >100 nm/min/mg DNA but failed to meet the pre-determined "release criteria" derived in earlier studies for correlating the OCR/DNA index with transplantation outcome. In sharp contrast, islets from both groups exceeded this threshold after 7-days culture. This is actually reflecting the clearance of dead tissue (DNA) originally present post isolation and reflected in less than 100% IE recovery. Basically culture clears dead islet tissue (that did not survive the isolation process) while viable tissue is maintained therefore viability (OCR/DNA) increases. Most importantly, the recovery and viability of islets from the 24h HPP pancreata, which was not significantly different to controls, was further corroborated by the transplantation outcome as shown in Fig 2. Here the individual and mean data for the nude mice transplants shows that all 
Summary and Conclusion
Islets are highly sensitive to ischemia such that various modes of pancreas preservation are currently under investigation. It is generally assumed that using conventional preservation media, pancreata do not survive periods of 24 h cold ischemia with insufficient yields in islet processing and preparation. The present results give a strong indication that 24h HPP provides sufficient protection for adult porcine pancreata so that islets in sufficient quantity and of high quality can be prepared. 24h HPP of adult porcine pancreas yielded high quality islets with a robust in vitro viability (based on OCR/DNA) that was equal to non-perfused fresh controls and exceeded the established threshold set as a release criterion for transplantation in non-human primates. The in vivo functional quality of the islets derived from 24h HPP pancreas was sufficient to consistently reverse diabetes in a nude mouse bioassay. Hypothermic perfusion preservation (HPP) is now favored as the method of choice for clinical kidney preservation when applied to marginal or expanded criteria organs that have suffered a warm ischemic insult (15, 26) . HPP is also under investigation for pancreas preservation and this study set out to validate recent findings that 24h HPP is tolerated in a porcine model (25, 27) . group with a mean morphology score of 7.5±0.5 (n=3). Lower panels show individual blood glucose levels for mice transplanted on Day 7 for each condition. The number of animals in which diabetes was reversed is indicated. In animals that reversed diabetes after islet
